INTRODUCTION
============

Bone homeostasis is maintained by balanced activity between two bone-specific cell types, osteoblasts and osteoclasts ([@b9-molce-40-5-371]; [@b32-molce-40-5-371]). Osteoclasts are derived from hematopoietic progenitors of the monocyte/macrophage lineage and two cytokines, RANKL and macrophage colony-stimulating factor (M-CSF) are essential for osteoclast differentiation ([@b11-molce-40-5-371]; [@b18-molce-40-5-371]; [@b30-molce-40-5-371]; [@b37-molce-40-5-371]). Imbalance caused by an elevation of osteoclast numbers or activity results in low bone mass such as is seen in various bone-related diseases including postmenopausal osteoporosis ([@b24-molce-40-5-371]; [@b29-molce-40-5-371]).

Binding of RANKL to its receptor on osteoclast precursors, RANK, initiates intracellular signal transduction and activates distinct signaling cascades mediated by c-Jun N-terminal Kinase 1/2 (JNK1/2), p38 and ERK1/2 MAP kinases ([@b1-molce-40-5-371]), thus finally induces the expression or activation of osteoclast-specific transcription factors including c-Fos, tartrate-resistant acid phosphatase (TRAP), microphthalmia transcription factor (Mitf) and nuclear factor of activated T-cells cytoplasmic 1 (NFATc1) for osteoclast ([@b6-molce-40-5-371]; [@b16-molce-40-5-371]; [@b19-molce-40-5-371]; [@b23-molce-40-5-371]; [@b25-molce-40-5-371]; [@b31-molce-40-5-371]). Mononuclear osteoclast precursors undergo cell-cell fusion for the maturation and bone-resorbing function of multinucleated osteoclasts by RANKL. DC-STAMP or Atp6v0d2 are key regulators for osteoclast maturation since deficiency of these genes leads to osteopetrosis in mice due to defects in the cell-cell fusion process and in bone resorption ([@b21-molce-40-5-371]; [@b35-molce-40-5-371]).

Recently, several studies have demonstrated that insulin receptor signaling in osteoblasts and osteoclasts regulates bone metabolism ([@b5-molce-40-5-371]; [@b8-molce-40-5-371]; [@b27-molce-40-5-371]; [@b36-molce-40-5-371]). Mice lacking insulin receptors in osteoblasts developed postnatal osteopenia and an impairment of osteoblast proliferation and differentiation ([@b5-molce-40-5-371]; [@b7-molce-40-5-371]; [@b26-molce-40-5-371]). Treatment with insulin enhanced osteoclast differentiation and maturation by RANKL through a subset of osteoclast marker genes ([@b27-molce-40-5-371]). Moreover, patients with metabolic diseases such as diabetes mellitus exhibit altered bone metabolism ([@b4-molce-40-5-371]; [@b13-molce-40-5-371]; [@b14-molce-40-5-371]; [@b34-molce-40-5-371]). However, the correlation between RANK expression and insulin has been little defined.

Here, we present for the first time that insulin regulates RANK expression through ERK1/2-dependent signaling pathways, which contribute to the acceleration of osteoclast differentiation by RANKL.

MATERIALS AND METHODS
=====================

Isolation of bone marrow precursors and *in vitro* osteoclastogenesis
---------------------------------------------------------------------

Isolation of bone marrow precursors was performed as described in previous research ([@b15-molce-40-5-371]). In brief, bone marrow cells were flushed out from the femur of 4--6-week-old C57BL/6 mice with a sterile 21-gauge syringe and incubated in alpha-MEM media containing 10% FBS and 10 ng/ml of M-CSF (R&D Systems). After 24 h, non-adherent cells were harvested and cultured in the presence of M-CSF (20 ng/ml) for 3 days. After washing out the non-adherent cells, adherent cells were used as BMMs. Culture media was changed every two days. For *in vitro* osteoclastogenesis experiments, isolated BMMs were further cultured in the presence of 200 ng/ml of RANKL (provided by Dr. S.Y. Lee) and 30 ng/ml of M-CSF. After 5 days, the cells were fixed and stained for tartrate-resistant acid phosphatase (TRAP) using the TRAP staining kit (Sigma). Pink-colored TRAP-positive multinucleated (\>3 nuclei) cells (MNCs) were counted as osteoclast-like cells. The cells were observed using a Zeiss Axiovert 200 microscope and images were obtained with an AxioCam HR (Carl Zeiss) equipped with Axio Vision 3.1 software (Carl Zeiss).

Western blot analyses
---------------------

BMMs stimulated with 10 nM of insulin were lysed in lysis buffer (20 mM Tris-HCl, pH7.5, 150 mM NaCl, 1 mM Na~2~EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na~3~VO~4~, 1 μg/ml leupeptin, 1 mM phenylmethylsulfonylfluoride) and supernatants were prepared by centrifugation, electrophoresed on a 10% SDS-polyacrylamide gel and blotted onto a polyvinylidene difluoride membrane. Immunoblotting was performed with polyclonal antibodies specific to insulin receptor, β-actin (as a loading control) (Cell Signaling Technology, USA), and RANK (Santa Cruz Biotechnology Inc.), followed by HRP-conjugated secondary antibodies and enhanced using an ECL detection kit (Amersham Biosciences) ([@b20-molce-40-5-371]).

RNA isolation and real-time PCR
-------------------------------

According to the manufacturer's protocol, total RNA was isolated using TRIZOL and reverse transcribed using SuperscriptIII reverse transcriptase (Invitrogen). PCRs were performed with the Brilliant UltraFast SYBR Green QPCR Master Mix (Agilent Technologies) and primers of specific genes and *hprt* (for endogenous control) from QIAGEN in triplicates on an Mx3000P instrument (Agilent Technologies). The thermal cycling conditions were as follows: 3 min at 95°C, followed by 40 cycles of 95°C for 10 s, 60°C for 20 s, and 1 cycle of 95°C for 1 min, 55°C for 30 s, and 95°C for 30 s. All quantitation were normalized to an *hprt* ([@b28-molce-40-5-371]).

Lentiviral-mediated gene transduction
-------------------------------------

Lentiviral-mediated gene transduction was performed as described in previous research ([@b27-molce-40-5-371]). In brief, the lentiviral packaging was done in accordance with the Lentiviral packaging system (OriGene). HEK293T cells were transfected with premixed packaging plasmids and pGFP-C-InsR shRNA lentiviral vector using transfection reagent (MegaTran). The supernatants collected 48 h after transfection were used as the viral stocks. For lentiviral infection, the BMMs were incubated with the lentivirus stock and polybrene (10 μg/ml) for 6 h. Two days after exposure to virus, the infected cells were replaced with a complete medium containing puromycin (2 μg/ml) to select for insulin receptor shRNA expressing cells, and the total cell lysates were subjected to a western blot analysis.

Transfection and luciferase reporter assay
------------------------------------------

The RANK promoter-luciferase plasmid was purchased from Switchgear Genomics. Plasmid DNA was mixed with FuGENE6 and transfected into the RAW 264.7 cells. After 12 h of transfection, cells were treated with RANKL and/or insulin for 24 h then assayed for luciferase activity. Luciferase activity was measured with the Dual Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions.

RAW 264.7 cells with stable expression of the RANK
--------------------------------------------------

RAW 264.7 cells were transduced with pMX-puro-FLAG-RANK and then selected in DMEM containing 10% FBS and 4 μg/ml of puromycin. Puromycin-resistant clones (RAW-RANK cells) were examined for osteoclast formation or subjected to real-time PCR by incubating with or without an anti-FLAG antibody (2 μg/ml) ([@b2-molce-40-5-371]).

Statistical analysis
--------------------

Results are presented as means ± standard deviations (SD) from at least 3 independent experiments and statistical analyses were determined using Student's *t* test, if not, indicated. *P* \< 0.05 was considered to be statistically significant.

RESULTS
=======

Insulin induces the expression of RANK in BMMs
----------------------------------------------

A previous study in which the treatment of insulin enhanced osteoclast differentiation and maturation by RANKL ([@b27-molce-40-5-371]) led us to explore the regulatory mechanism of insulin on osteoclastogenesis, especially whether insulin regulates the expression of RANK, a receptor for RANKL, a key cytokine for osteoclast differentiation. We first examined whether RANKL induces RANK expression. As expected, the stimulation with RANKL notably induced the expression of RANK ([Fig. 1A](#f1-molce-40-5-371){ref-type="fig"}). Interestingly, insulin alone also increased RANK expression in time- and dose-dependent manners ([Figs. 1B--1D](#f1-molce-40-5-371){ref-type="fig"}).

To investigate this increase by insulin through an insulin receptor, insulin receptor shRNA was used. Insulin receptor knock-down with insulin receptor shRNA remarkably abolished not only the basal expression but also the induction of RANK by insulin in BMMs ([Fig. 2](#f2-molce-40-5-371){ref-type="fig"}). These data suggest that insulin regulates the expression of RANK through insulin receptor signaling in BMMs.

Insulin signaling enhances RANK expression by RANKL
---------------------------------------------------

We next explored whether insulin enhances the expression of RANK by RANKL using RAW264.7 cells transiently transfected with plasmids containing a promoter region of *RANK* gene in the reporter plasmid. As shown in [Fig. 3A](#f3-molce-40-5-371){ref-type="fig"}, luciferase activity of this construct was strongly up-regulated by both RANKL and insulin. Especially, the addition of insulin in the presence of RANKL potentiated the RANK expression compared to when treated with RANKL or insulin alone ([Fig. 3A](#f3-molce-40-5-371){ref-type="fig"}). The same was true when it was measured at protein levels ([Fig. 3B](#f3-molce-40-5-371){ref-type="fig"}). These results demonstrate that insulin signaling potentiates RANK expression by RANKL during osteoclast differentiation.

Insulin regulates RANK expression through ERK1/2 MAP kinase signaling
---------------------------------------------------------------------

To gain insight into the regulatory pathway of RANK gene expression, MAP kinases inhibitors were pretreated. RANK expression by RANKL was down-regulated by all three MAP kinases inhibitors: SB203580, PD98059 and SP600125, inhibitors of p38, ERK1/2 and JNK1/2 MAP kinase, respectively. Interestingly, pretreatment with SP600125 completely abolished the expression of RANK induced by RANKL ([Fig. 4A](#f4-molce-40-5-371){ref-type="fig"}). However, the expression of RANK by insulin was diminished only by PD98059, an inhibitor of ERK1/2 ([Fig. 4B](#f4-molce-40-5-371){ref-type="fig"}). This data indicates that the induction of RANK by insulin stimulation occurs via ERK1/2 MAP kinase rather than p38 and JNK1/2.

The activation of RANK up-regulates osteoclast differentiation
--------------------------------------------------------------

To observe the direct evidence that RANK is involved in osteoclast differentiation, we used RAW 264.7 cell lines stably expressing FLAG-tagged RANK (denoted as RAW-RANK) ([@b2-molce-40-5-371]). The addition of anti-FLAG antibody to activate downstream signaling of RANK significantly increased the number of TRAP-positive osteoclasts in RAW-RANK cells. In the absence of anti-FLAG antibody, RAW-RANK cells failed to differentiate into TRAP-positive osteoclasts ([Fig. 5A](#f5-molce-40-5-371){ref-type="fig"}).

Since we have reported insulin enhanced osteoclast differentiation by inducing the expression of osteoclast marker genes including *Atp6v0d2* and *DC-STAMP*, key genes regulating osteoclast fusion ([@b27-molce-40-5-371]), it was investigated whether the activation of RANK regulates the expression of *Atp6v0d2* and *DC-STAMP* as insulin did. The stimulation with an anti-FLAG antibody in RAW-RANK cells caused a remarkable increase of the expression of *Atp6v0d2* and *DC-STAMP* ([Fig. 5B](#f5-molce-40-5-371){ref-type="fig"}). Collectively, these results suggest that insulin stimulation induces transcriptional up-regulation of RANK via ERK1/2 MAP kinase signaling, and, the cells highly expressing RANK by insulin are more susceptible to binding RANKL, thus contributing to the enhancement of RANKL-mediated osteoclastogenesis ([Fig. 6](#f6-molce-40-5-371){ref-type="fig"}).

DISCUSSION
==========

Mononuclear osteoclast precursors fuse and differentiate to form bone-resorbing multinuclear osteoclasts in the presence of RANKL in the canonical pathway. The study on RANKL-RANK-mediated signaling mechanisms in osteoclast differentiation is necessary to understand bone metabolism. Several cytokines and growth factors have been described as a substitute for RANKL which are able to induce osteoclastogenesis in the non-canonical pathways. These include transforming growth factor beta (TGF-β), interleukin-6 (IL-6) and insulin-like growth factor-I (IGF-I) ([@b10-molce-40-5-371]; [@b12-molce-40-5-371]; [@b17-molce-40-5-371]). Here, we show for the first time that stimulation with insulin regulates RANK expression through ERK1/2 MAP kinase signaling, which contributes to the enhancement of osteoclast differentiation by RANKL.

Insulin has been proposed to be an anabolic agent that regulates proliferation and differentiation of osteoblasts and osteoclasts in bone metabolism ([@b33-molce-40-5-371]). Moreover, our previous study has demonstrated that insulin enhanced osteoclast differentiation and fusion by RANKL ([@b27-molce-40-5-371]). Although the importance of RANK in the differentiation of osteoclasts has been clearly demonstrated in *rank*^−/−^ mice ([@b3-molce-40-5-371]; [@b22-molce-40-5-371]), the regulatory mechanisms about RANK expression during osteoclast differentiation have been little studied.

Surprisingly, insulin treatment significantly induced RANK expression in dose- and time-dependent manners in BMMs and the addition of insulin in the presence of RANKL enhanced RANK expression. These results were supported by insulin receptor shRNA since it blocked the expression of RANK by insulin.

RANKL treatment activates all three MAP kinases and these all were involved in the RANK expression by RANKL. Interestingly, an inhibitor of JNK1/2, SP600125, completely abolished the expression of RANK induced by RANKL, which suggests that RANK expression by RANKL is more dependent on JNK1/2 signaling compared to other MAP kinases. Conversely, the induction of RANK by insulin was blocked only by PD98059, an inhibitor of ERK1/2. This can be explained by that insulin stimulation specifically activated ERK1/2 MAP kinase among three MAP kinases during osteoclast differentiation ([@b27-molce-40-5-371]). This result indicates that the activation of ERK1/2 by insulin stimulation contributes the induction of RANK.

It is well known that Atp6v0d2 and DC-STAMP are important molecules that regulate osteoclastic cell fusion ([@b21-molce-40-5-371]; [@b35-molce-40-5-371]). The activation of RANK significantly increased osteoclast differentiation, as well as the expression of DC-STAMP and Atp6v0d2, by stimulation with an anti-FLAG antibody, which is consistent with the results that insulin stimulation increased the expression of DC-STAMP and Atp6v0d2 ([@b27-molce-40-5-371]). Collectively, these results imply that RANK induced by insulin contributes to the expression of DC-STAMP and Atp6v0d2, thus triggering differentiation and maturation of osteoclasts.

Although RANK was overexpressed in the cells, it was not enough to induce osteoclast differentiation since RAW-RANK cells failed to differentiate into osteoclasts in the absence of stimulation with an anti-FLAG antibody. This may give hints about the results that even though insulin increased the RANK expression, insulin alone failed to induce osteoclast differentiation ([@b27-molce-40-5-371]).

Although questions about how the expression of RANK is regulated in detail remain to be elucidated, taken together, our study advances our understanding of pathological bone diseases and provides a basis for rational development of therapeutics for bone-related metabolic diseases.
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![Insulin regulates RANK expression in BMMs.\
(A, B) BMMs were treated with RANKL (200 ng/ml) or insulin (10 nM) for indicated times and then isolated total RNAs were subjected to real-time PCR using *RANK*-specific primers. All quantitation were normalized to *hprt*. (C, D) Isolated BMMs were treated with 10 nM of insulin for indicated times (C) or with indicated doses of insulin for 3 days. (D) and then the cell lysates were analyzed by Western blotting using specific antibodies against RANK and β-actin (upper panels). Protein bands were quantified by densitometry, and levels of RANK were normalized to levels of β-actin (lower panels). Results are representative of at least three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.005 vs. non-treated cells.](molce-40-5-371f1){#f1-molce-40-5-371}

![Suppression of RANK expression by knock-down of insulin receptor.\
BMMs were infected with lentiviruses expressing control shRNA (shCon) or insulin receptor-specific shRNA (shInsR) and then stimulated with or without 10 nM of insulin for 3 days. Western blot analysis was performed to detect the expression of RANK, insulin receptor (InsR) and β-actin (left). Protein bands were quantified by densitometry, and levels of RANK were normalized to levels of β-actin (right). Results are representative of at least three independent experiments. \**p* \< 0.05 vs. non-treated cells and \#*p* \< 0.05 vs. insulin-treated cells.](molce-40-5-371f2){#f2-molce-40-5-371}

![Insulin enhances RANK expression by RANKL.\
(A) RANK promoter-luciferase reporter plasmids (RANK pro-luc) were transiently transfected into the RAW 264.7 cells. After 12 h of transfection, cells were treated with RANKL and/or insulin for 24 h then assayed for luciferase activity. The relative luciferase activity was normalized to the control activity. \**p* \< 0.05 and \*\**p* \< 0.005 vs. cells transfected with RANK promoter-luciferase reporter plasmids (RANK pro-luc) alone. (B) Isolated BMMs were treated with RANKL alone or RANKL and 10 nM of insulin for indicated times and then subjected to Western blotting using specific antibodies against RANK (left). Protein bands were quantified by densitometry, and levels of RANK were normalized to levels of β-actin. The fold increase in the stimulated cells compared with untreated cells is shown (right). Results are representative of at least three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.005 vs. non-treated cells.](molce-40-5-371f3){#f3-molce-40-5-371}

![The regulation of RANK expression by MAP kinases signaling in BMMs.\
(A, B) BMMs were pretreated with SB203580 (20 μM), PD98059 (20 μM) or SP600125 (20 μM) for 1 h and then incubated with RANKL (200 ng/ml) for 5 days (A) or with insulin (100 nM) for 3 days (B). Total cell lysates were analyzed by Western blot analysis (upper panels). Protein bands were quantified by densitometry, and levels of RANK were normalized to levels of β-actin (lower panels). Results are representative of at least three independent experiments. \**p* \< 0.05 and \*\**p* \< 0.005 vs. non-treated cells and ^\#^*p* \< 0.05 and ^\#\#^*p* \< 0.005 vs. RANKL- or insulin-treated cells.](molce-40-5-371f4){#f4-molce-40-5-371}

![RANK up-regulates osteoclast differentiation.\
(A) RAW 264.7 cells stably expressing FLAG-tagged RANK (RAW-RANK) were incubated with or without an anti-FLAG antibody (α-FLAG, 2 μg/ml) for 5 days and then TRAP staining was performed (original magnification, X100) (left) and the number of TRAP^+^ multinucleated cells (MNCs) were counted (right). Results are representative of at least three independent experiments. \*\**p* \< 0.005 vs. non-treated cells. (B) RAW-RANK cells were treated with α-FLAG (2 μg/ml) for 48 h and then subjected to real-time PCR using *Atp6v0d2*- or *DC-STAMP*-specific primers. All quantitation were normalized to *hprt* and results are representative of at least three independent experiments. \*\*p \< 0.005 vs. non-treated cells.](molce-40-5-371f5){#f5-molce-40-5-371}

![Schematic representation of regulatory mechanism model of osteoclastogenesis by insulin.\
The cells expressing increased level of RANK by insulin are more susceptible to binding RANKL, thus regulating expression of osteoclast marker genes and finally enhancing osteoclastogenesis in the presence of RANKL.](molce-40-5-371f6){#f6-molce-40-5-371}
